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(54) Pixel pair grid halftoning for a hyperacuity printer 



(57) Image data (1 0) is represented by a plurality of 
scan lines (30). Each scan line (30) includes a line of 
pixels (32) along a fast scan access. Each pixel (32) rep- 
resents an optical density for a specific location in the 
image data (10). Pairs of pixels in the fast scan direction 
of odd numbered scan lines (30) are grouped in 
even/odd pixel pairs by logic circuit (12). Pairs of pixels 
of even numbered scan lines (3) are grouped in 
odd/even pixel pairs such that the groupings in adjacent 
lines are offset. Each pixel pair contains n addressability 
units defining a halftone cell. The addressability units of 



the pixel pair are combined. A propagated error value 
from a previous pixel pair and the data values of each 
pixel pair are combined and used to address a memory 
location in a look-up table (14). The memory location 
contains a corresponding binary data value represent- 
ing an intensity level for each pixel of the pixel pair. The 
binary data is outputted to a gray modulator (16) to be 
printed by a printer (18). The outputted data grid is 
equivalent to a very high frequency halftone screen hav- 
ing a Moire" pattern not visually perceivable. 
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Description 

Digital halftoning, sometimes referred to as "spatial 
dithering", is the process of creating a binary approxi- 
mation to a sampled gray scale image. Sampled gray 
scale values are typically quantized to have one of a dis- 
crete number of values, e.g., 256 or 1024 values. The 
basic idea in digital halftoning is to replace these quan- 
tized picture elements (pixels) from a region of the gray 
scale image having an average value of x (where 0 = 
white and 1 = black) with a binary pattern of 1s and 0s. 
Halftoning works because the human eye perceives a 
set of closely spaced black and white spots as a shade 
of gray. Alternatively, it may be said that the eye acts as 
if it contains a spatial low pass filter. 

In accordance with one known halftoning tech- 
nique, the fraction of resulting 1s is approximately x. The 
binary pattern is then conveniently used with a display 
device such as a CRT display or a printer to produce the 
values for the pixels in the gray scale halftone image. If 
the 1 s and 0s are supplied to a printer where the 1 s are 
printed as black spots and spaces are sufficiently close 
together, the eye averages the black spots and white 
spaces to perceive, approximately, gray level x. In so 
perceiving the image, the eye exhibits a low-pass filter- 
ing characteristic. The number of gray scale samples 
(pixels) is advantageously equal to the number of bits 
in the binary pattern. 

In recent years there has been increasing demand 
for digital storage and transmission of gray scale imag- 
es. In part, this is due to the increasing use of laser print- 
ers having a resolution of, e.g., 600 spots (dots) per inch 
(dpi)(24 dots/mm), to produce halftone approximations 
to gray scale images such as photographs, art work, de- 
sign renderings, magazine layouts, etc. The convention- 
al approach to achieving high quality halftone images is 
to use a high resolution printer. However, the printer res- 
olution required for transparent halftoning with prior art 
techniques is of the order of 1 400 dpi. Such printers are 
often slow and expensive. 

Many prior art halftoning techniques assume that 
the black area of a printed binary pattern is proportional 
to the fraction of 1s in the pattern. This means that the 
area occupied by each black dot is roughly the same as 
the area occupied by each white dot. Thus, the "ideal" 
shape for the black spots produced by a printer (in re- 
sponse to 1s) would be TxT squares, where T is the 
spacing between the centers of possible printer spots. 
However, most practical printers produce approximately 
circular spots. It is clear, therefore, that the radius of the 
dots must be at least TN2 so that an all-1 s binary pattern 
is capable of blackening a page entirely. This has the 
unfortunate consequence of making black spots cover 
portions of adjacent spaces, causing the perceived gray 
level to be darker than the fraction of 1 s. Moreover, most 
printers produce black spots that are larger than the min- 
imal size (this is sometimes called "ink spreading"), 
which further distorts the perceived gray level. The most 



commonly used digital halftoning techniques (for print- 
ing) protect" against "such ink spreading by clustering 
black spots so the percentage effect on perceived gray 
level is reduced. Unfortunately, such clustering con- 
s strains the spatial resolution (sharpness of edges) of the 
perceived images and increases the low-frequency ar- 
tifacts. There is a tradeoff between the number of per- 
ceived gray levels and the visibility of low-frequency ar- 
tifacts. 

10 Block replacement is one commonly used halfton- 
ing technique to improve perceived and gray scale im- 
ages. Using this technique, the image is subdivided into 
blocks (e.g. 6x6 pixels) and each block is "replaced" by 
one of a predetermined set of binary patterns (having 
15 the same dimensions as the image blocks). Binary pat- 
terns corresponding to the entire image are then sup- 
plied to a printer or other display device. Typically, the 
binary patterns in the set have differing numbers of 1s, 
and the pattern whose fraction of 1 s best matches the 
20 gray level of the image block is selected. This block re- 
placement technique is also referred to as pulse-sur- 
face-area modulations. 

In another halftoning technique known as screen- 
ing, the gray scale array is compared, pixel by pixel, to 
25 an array of thresholds. A black dot is placed wherever 
the image gray level is greater than the corresponding 
threshold. In the so-called random dither variation of this 
technique, the thresholds are randomly generated. In 
another variation, known as ordered dither, the thresh- 
30 olds are periodic. More specifically, the threshold array 
is generated by periodically replicating a matrix (e.g. 
6x6) of threshold values. 

A technique known as error diffusion is used in non- 
printer halftone display contexts to provide halftoning 
35 when ink spreading and other distortions common to 
printers are not present. Like most of the known halfton- 
ing schemes, error diffusion makes implicit use of the 
eye model. It shapes the noise, i.e., the difference be- 
tween the gray scale image and the halftone image, so 
40 that it is not visible by the eye. The error diffusion tech- 
nique produces noise with most of the noise energy con- 
centrated in the high frequencies, i.e., so-called blue 
noise. Thus, it minimizes the low-frequency artifacts. 
However, since error diffusion does not make explicit 
45 use of the eye model, it is not easy to adjust when the 
eye filter changes, for example with printer resolution, 
or viewer distance. Error diffusion accomplishes good 
resolution by spreading the dots. It is thus very sensitive 
to ink spreading, in contrast to the clustered dot 
so schemes like "classical" screening. In the presence of 
ink spreading, error diffusion often produces very dark 
images, therefore limiting its application to cases in 
which there is substantially no ink spreading. 

Numerous researchers have estimated the spatial 
55 frequency sensitivity of the eye, often called the modu- 
lation transfer function (MTF). The eye is most sensitive 
to frequencies around 8 cycles/degree. Others have 
variously estimated the peak sensitivity to lie between 
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3 and 10 cycles/degree. The decrease in sensitivity at 
— higher-frequencies-is generallyascribedto the optical 
characteristics of the eye (e.g. pupil size). The sensitiv- 
ity of the eye drops 3 db from its peak at about 3 and 1 6 
cycles/degree, 20 db at 35 cycles/degree, and about 46 
db at 60 cycles/degree. The decrease in sensitivity at 
low frequencies accounts for the "illusion of simultane- 
ous contrast- (a region with certain gray level appears 
darker when surrounded by a lighter gray level than 
when surrounded by a darker) and for the Moch band 
effect (when two regions with different gray levels meet 
at an edge, the eye perceives a light band on the light 
side of the edge and a dark band on the dark side of the 
edge). 

The eye is more sensitive to horizontal or vertical 
sinusoidal patterns than to diagonal ones. Specifically, 
it is less sensitive to 45 degree sinusoids, with the dif- 
ference being about 0.6 db at 10 cycles/degree and 
about 3 db at 30 cycles/degree. This is not considered 
to be large, but it is used to good effect in the most com- 
monly used halftoning technique for printers. 

Standard error diffusion techniques have several 
drawbacks. First, errors are propagated which are a sig- 
nificant fraction of a mark. When the diffused error is 
large, an unpleasing texture results. Second, weighted 
errors are computed and propagated to adjacent pixels 
in a slow scan direction. This in turn requires computa- 
tionally intensive algorithms for clustering and adjusting 
marks. 

In accordance with the present invention, a new 
halftoning technique is provided for hyperacuity printers. 
A source inputs image data which has a periodic func- 
tion with a frequency that tends to create a Moire pattern 
within the image data. The image data is converted by 
a converter into a binary data image. The converter in- 
cludes a logic circuit which combines gray scale density 
values of at least two adjacent pixels to produce a pixel 
pair value. The adjacent pixels are adjacent in a fast 
scan direction of a scan line. A look up table is ad- 
dressed by the pixel pair value to retrieve corresponding 
binary data values for the two adjacent pixels. The fre- 
quency creating the Moire pattern is increased to a 
range where the Moire pattern is not visually perceivable 
when the binary data image is displayed. 

The invention further provides a method for 
processing electronic image data including data values 
for each pixel of a plurality of scan lines, which image 
data has an inherent artifact frequency such that when 
the data values are converted into marks by a printer to 
produce a human-readable image, the human-readable 
image contains Moire artifacts of a frequency that is suf- 
ficiently low that the Moire artifacts are visible to the hu- 
man eye, characterised by including the steps of: com- 
bining data values corresponding to a plurality of adja- 
cent pixels in a fast scan direction from said plurality of 
scan lines to derive a combined pixel value; and access- 
ing a look-up table with said combined pixel value to re- 
trieve a corresponding binary data value representing a 



gray scale density for said adjacent pixels such that the 

inherenrartifacTf requency is"inc~reased ah^~the~Moire 

artifacts in the human-readable image become less vis- 
ible to the human eye. 

s Preferably, the image data includes slope values 

defining an approaching edge, and the look-up table re- 
sponds to the slope value by retrieving an edge binary 
data value for a pixel most closely adjacent a corre- 
sponding edge, such that the mark into which the edge 

10 binary pixel value is converted is substantially tangent 
to the edge. 

The method preferably further includes the steps of: 
grouping a first set of pixels of said plurality of adjacent 
pixels in a fast scan direction on a first scan line in 

15 even/odd pixel pairs and combining the image data val- 
ues of said even/odd pixel pairs to obtain a first com- 
bined data value; and grouping a second set of pixels 
of said plurality of adjacent pixels in the fast scan direc- 
tion on a second scan line in odd/even pixel pairs and 

20 combining the image data values of said odd/even pixel 
pairs to obtain a second combined data value, whereby 
the combined data values of said second scan line are 
staggered relative to the combined data values of the 
first scan line. 

25 in one embodiment of the present invention, the 
converter adds a carryover error value which is propa- 
gated from a previous pixel pair to the pixel pair value. 
The error is only propagated in the fast scan direction. 
The carryover error value is outputted from the look-up 

30 table to the logic circuit. 

In another embodiment of the present invention, 
edge slope information defining a slope of an edge ap- 
proaching a current pixel, and space information defin- 
ing a minimum inter-pixel mark space requirement for 

35 the current pixel are included in the image data and are 
used to access the look-up table. 

One advantage of the present invention is that a 
high frequency halftone image is produced. Low fre- 
quency Moire patterns are increased to a frequency lev- 

40 el that is not visually perceivable once displayed. The 
displayed output data has a consistent and uniform in- 
tensity level across a page. 

Another advantage of the present invention is that 
the apparatus and method drives a high addressability 

45 gray modulator resulting in an error having a smaller 
proportion to a mark and thus, is not required to be prop- 
agated in the slow scan direction. Pixels are added in 
even/odd pairs in the fast scan direction. Any resulting 
errors are propagated only in the fast scan direction to 

so the next pixel pair. 

The invention will now be described, by way of ex- 
ample, with reference to the accompanying drawings, 
in which: 

55 FIGURE 1 is a block diagram of the present inven- 
tion; and, 

FIGURE 2 is a diagram of image data represented 
by lines of pixels. 
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With reference to FIGURE 1, an input image 10 to 
— be-processed-is-represented-byaset of gray "signals 
(gray pixels) arranged in an array of scan lines. Each 
scan line contains a plurality of gray pixels each defining 
an optical density level varying between a minimum and 
a maximum value. Each pixel is therefore defined by its 
optical density and position in the image. Gray values 
or levels for gray pixels are typically expressed as inte- 
gers, with one example falling in the range from 0 to 255, 
although greater or lesser number of levels, as well as 
non-integer representations, are possible. An output im- 
age is considered to consist of pixels, each pixel corre- 
sponding to a printer signal that will drive a printer or 
display to produce a spot. 

Pixel and slope information from the image data 10 
enter the logic circuit 12. The pixels are grouped in ad- 
jacent pairs according to an internal grid parameter for 
each scan line. Values of each pixel pair are summed 
or averaged. A predetermined error propagated from a 
previous pixel pair along the same scan line is added to 
the total if such error exists. This total value is used as 
an address to access a look-up table 14. The look-up 
table 14 supplies a closest fit high addressability mark 
corresponding to a binary data value for each pixel of 
the current pixel pair. The binary data values are sent to 
a gray modulator 16 and corresponding halftone dots 
are outputted to printer 18. 

The look-up table 14 feeds back a new error and 
space value to be propagated to the next pixel pair in 
the fast scan direction. An error occurs when the small- 
est space (white area) or a smallest mark (black area) 
which are defined for a target printer 18, are exceeded 
by the value of the averaged pixel pairs. For example, 
if there is a need to print a smaller area than the defined 
area for the target printer, the smallest defined area will 
be printed and the excess value will be propagated to 
the next pixel pair as an error. Thus, error is the differ- 
ence between what was actually printed and the total 
sum of what is desired to have been printed. By includ- 
ing this error diffusion technique of propagating an error 
along only the fast scan direction, proper density over 
several dots is insured instead of for one dot. 

With reference to FIGURE 2, the image data is rep- 
resented by a plurality of scan lines 30. Each scan line 
is formed by a plurality of pixels 32. Exemplary pixel 
pairs are represented by the shaded pixels. A halftone 
cell is defined as being n addressability units wide in the 
fast scan direction of a scan line. The halftone cell is 
defined by a width of a pixel pair. The halftone cell has 
a height of 1 pixel in the process direction. The n/2 ad- 
dressability units in each pixel correspond to an optical 
density level of a portion of the image data represented 
by the pixel. Pixel values correspond to gray scale im- 
age data. For printing by a printer, the gray scale image 
data is converted to binary data. The look-up table 1 4 is 
used to effectuate the conversion in real time. The gray 
scale sum of each pixel pair along with any carryover 
error, form a memory address to access the look-up ta- 



ble 1 4. The table 1 4 is pre-progiamr^djoj^tnev^a 
~ besTfit binary" data value for the n addressability units 
of the pixel pair and to carryover any round-off error or 
unused gray scale data for the next pixel pair. The car- 
s ryover error results when the pixel pair gray scale sum 
cannot be fit evenly into the n addressability units which 
are each constrained to assume a 1 or a 0 value. The 
addressability unit values could be calculated on the fly, 
but such calculations would use several clock cycles. 
For greater speed, the addressability unit values are 
precalculated and stored in a look-up table that is ad- 
dressable in a single clock cycle. 

Marks are created by turning on a certain number 
of addressability units in the halftone cell corresponding 
to the averaged sum of the two pixels plus the error from 
the previous pixel pair. By sequentially turning on more 
and more addressability units, a higher and higher den- 
sity is created for the halftone cell. 

On subsequent scan lines, the pixels forming the 
pixel pairs are staggered by 1 pixel each scan line. Thus 
in a first scan line, even/odd pixels are combined to form 
the pixel pairs and in a second scan line, odd/even pixels 
are combined to form pixel pairs. That is, the groups of 
n addressability units are shifted in each subsequent 
scan line by one pixel. By grouping pixels into pairs, 
twice as many addressability units are available for an 
improved gray scale fit and less carryover or round-off 
error. By staggering the pixel pairs along scan lines, an 
undulating grid is formed on a photoreceptor (not 
shown) of the printer 18. The pixel grouping and grid 
staggering create the equivalent of a very high frequen- 
cy halftone screen. Outputted binary data tends to con- 
tain a periodic function which has a frequency creating 
a Moire pattern. This conversion technique decreases 
the carryover error, doubles the distance over which the 
carryover error and any periodic functions are spread, 
alters the periodicity of any periodic functions from line 
to line, and staggers the vertical coherency of any peri- 
odic functions from line to line. This increases the fre- 
quency of the Moire pattern outside the band width per- 
ceivable by the human eye. Thus, the Moire pattern is 
effectively eliminated. Of course, other numbers of pix- 
els, e.g., 3, may be combined to obtain an increase of 
the Moire frequency. 

In another embodiment, a space parameter, a slope 
parameter, and a grid parameter, as are known in the 
art, are supplied along with the pixel pair sum and the 
error to the look-up table. The space parameter defines 
a minimum inter-dot spacing. In other words, it defines 
a minimum white area or space which is provided be- 
tween a trailing edge of the previous pixel and a leading 
edge of the present pixel so that the minimum space 
requirements for the current pixel can be maintained. 
The slope parameter defines the slope of an edge that 
intersects a current pixel or is within three adjacent pix- 
els of the current pixel. The grid value defines shifts or 
offset in the dot portions. By further utilizing slope infor- 
mation to promote clustering (where the slope is deter- 
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mined from fouradjacent pixels forming a square) edges 
will be rendered exceptionally well due to the fine p itch 
of the dots. 

The slope information indicates where an edge is 
supposed to exist. When an edge is present, the mark 
closest to the edge is adjusted such that it is tangential 
to the edge. The edge mark or dot is shifted in the fast 
scan direction, enlarged (or contracted), or a combina- 
tion of the two. For a substantial vertical slope, the dot 
is shifted. For a flat slope, marks are grown from the 
center of the pixel to expand the edges outward. For 
slopes which ascend or descend at some high rate, the 
mark is grown from an appropriate fast scan direction 
edge to promote clustering and better edge positioning. 
For slow scan direction slopes, gray values are deliv- 
ered by the corresponding addressability units which 
can move edges in the slow scan direction. Thus, the 
slope information input to the look-up table causes the 
corresponding dot size and position to be output. Con- 
straining the size and position of a dot three or four pix- 
els, i.e., seven or eight dots away, sets a boundary con- 
straint on the inter-dot spacing of the intervening dots 
and potentially adjusts the carryover error. The space 
parameter constrains the maximum dot size for each 
pixel such that the minimum inter-dot spacing for the 
corresponding gray scale is maintained. The space pa- 
rameter holds the value of the white area from the pre- 
vious pixel pair. If the current pixel pair sum is not suffi- 
cient to maintain the white area, the space parameter 
adjusts the dot size and any shift in dot position imposed 
by an approaching or an immediate past edge in order 
to maintain the minimum distance between black dots. 

The grid value identifies any shifts in the dot position 
attributable to an approaching or a past edge. For ex- 
ample, when there are 8 clock pulses per pixel, the dot 
can be placed in any of 8 positions. Based in an ap- 
proaching or past edge induced dot placement shift er- 
ror, the look-up table feeds back a grid value error such 
that the edge dot shift is spread over up to the preceding 
three or four pixels and up to the following three or four 
pixels. 

The look-up table values are pre calculated in ac- 
cordance with the well-known prior art calculations. The 
inputs to the look-up table are preferably the sum of the 
gray scale values and the conventional slope, space, 
grid, and feedback errors in each category. The average 
of the gray scales could also be used. However, the sum 
increases the dynamic range of the look-up table, elim- 
inates round off errors, and saves a calculation. Both 
dots of the pixel pair are output by the look-up table in 
accordance with the slope, gray scale, space, grid, and 
carryover error information. 



Claims 

1. An apparatus for processing an image data, the 
apparatus comprising: 



a source (10) of image data, said image data 
having^ah inhereht"periodic function with a fre- 
quency which creates an unwanted Moire pat- 
tern artifact of like frequency in said image data; 
s and 

a converter (12,14) for converting said image 
data into a binary data image, the converter 
including: 

a logic circuit (1 2) for combining gray scale den- 
sity values of at least two adjacent pixels (32) 
to produce a pixel pair value, said adjacent pix- 
els being adjacent in a fast scan direction of a 
scan line (30), and 

a look-up table (14) which is addressed by said 
pixel pair value to retrieve corresponding binary 
data values for said two adjacent pixels (32), 
the converter increasing the frequency of the 
Moir6 pattern to a range in which the Moire pat- 
tern is not visually perceivable to the human 
eye when the binary data image is displayed. 

The apparatus as set forth in claim 1 wherein said 
logic circuit includes: 

an adder for adding a carryover error value from 
a previous pixel pair to said pixel pair value and 
the look-up table (14) outputting a carryover 
error to the logic circuit (12) for addition to a 
subsequent pixel pair value. 

The apparatus as set forth in claim 1 or 2 further 
including: 

a printer (18) which converts each binary data 
value to a mark of corresponding size such that 
the marks produce a gray scale intensity which 
corresponds to a gray scale intensity of a cor- 
responding area of the image data. 

The apparatus as set forth in claim 1 , 2 or 3 further 
including a printer (18) which converts the binary 
data values to a mark of corresponding size for each 
of the pixels (32) whose gray scale density values 
were combined by the logic circuit (12). 

The apparatus as set forth in any of the preceding 
claims wherein the look-up table is further 
addressed by edge slope information and retrieves 
a corresponding binary edge data value which con- 
strains a corresponding mark to be tangential to an 
edge and further feeds back mark spacing informa- 
tion to the logic circuit and further including a printer 
which converts the edge data values into marks that 
are tangential to a corresponding edge and con- 
verts the binary data values to marks sized and 
spaced to produce a corresponding gray scale 
intensity. 
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6. A method for processing electronic image data (TO) 
including data values for each pixel (32) of a plural- 
ity of scan lines (30), which image data has an inher- 
ent artifact frequency such that when the data val- 
ues are converted into marks by a printer (18) to 5 
produce a human -readable image, the human- 
readable image contains Moire artifacts of a fre- 
quency that is sufficiently low that the Moire artifacts 
are visible to the human eye, characterised by 
including the steps of: to 

combining data values corresponding to a plu- 
rality of adjacent pixels (32) in a fast scan direc- 
tion from said plurality of scan lines (30) to 
derive a combined pixel value; and 15 
accessing a look-up table (14) with said com- 
bined pixel value to retrieve a corresponding 
binary data value representing a gray scale 
density for said adjacent pixels such that the 
inherent artifact frequency is increased and the 20 
Moire artifacts in the human-readable image 
become less visible to the human eye. 

7. The method as set forth in claim 6 wherein said 
combining step includes: 25 

adding an error value derived from a previous 
combined pixel value to said combined pixel 
value. 

30 

8. A method of processing electronic image data 
including image data values representing a gray 
scale intensity for pixels of an image, the method 
comprising: 

35 

combining image data values corresponding to 
a plurality of adjacent pixels into a combined 
data value; 

addressing a look-up table with the combined 
data value to retrieve corresponding binary 40 
data values and an error value indicative of a 
deviation between the image data value and 
the corresponding binary data value; and, 
converting the binary data value to a human- 
readable mark with a corresponding configura- 45 
tion. 

9. The method as set forth in claim 8 further including 
combining each combined data value with the error 
value from a preceding combined data value. so 

10. The method as set forth in claim 9 wherein the 
image data further includes space values, slope val- 
ues, and grid values, said space values defining 
amounts of white area between adjacent marks, 55 
said slope values defining an approaching edge, 
and said grid values defining offsets in the marks 
relative to a constant spacing and further including: 



addressingthe look-up table with the space ^ind 
grid values such that the look-up table further 
provides spacing error values and grid error 
values; 

combining each space value with a space error 
value from a preceding group of combined pix- 
els and combining each grid value with a grid 
error value from a preceding group of combined 
pixels. 
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